Vector-boson fusion (VBF) is a clean probe of the electroweak-symmetry breaking (EWSB), which inevitably suffers from some level of contamination due to the gluon fusion (ggF). In addition to the jet variables used in the current experimental analysis, we analyze a few more jet-shape variables defined by the girth and integrated jet-shape. Taking H → W W * → eνµν and H → γγ as examples, we perform the analysis with a new technique of 2-step boosted-decision-tree method, which significantly reduces the contamination of the ggF in the VBF sample, thus, providing a clean environment in probing the EWSB sector.
of the VBF sample to denote the fraction of ggF in the VBF+ggF sample.
1 Thus, the "contamination" of the VBF sample due to ggF is defined by ggF VBF + ggF .
It stands at a level about 25% in the current experimental studies [4, 5] . The pure the VBF sample, the better one can probe the EWSB sector. The current experimental status of discriminating the VBF from ggF was based on a set of jet kinematical variables (M jj , ∆η jj , ...), a set of jet-shape variables, and those kinematic variables depending on the decay channel of the Higgs boson. A standard boosted-decision-tree (BDT) approach was employed to achieve the current purity of the VBF sample and to reduce the contamination of the ggF.
In this study, we employ a 2-step BDT analysis to further reduce the contamination by ggF, thus a purer VBF sample is achieved without significant loss in event rates. This is the main result of this work. We illustrate our analysis for the decay channels of H → W W * → eνµν and H → γγ.
The organization is as follows. In the next section, we describe the Monte-Carlo simulations, and in Sec. III procedures in the BDT analysis. We present the results in Sec. IV and conclude in Sec. V.
II. EVENT SAMPLES PREPARATION
In order to compare directly with the current status on purity of VBF samples of ATLAS [4, 5] , we follow their preparation of event samples as closely as possible. We simulate the event samples for Higgs boson production including those via VBF and ggF using the POWHEG [11] [12] [13] generator at next-to-leading-order (NLO), with input parton distribution functions (PDFs) CT10 [14] , and the mass and width of the Higgs taken at m H = 125GeV
and Γ H = 4.07MeV. The Higgs boson samples are normalized to the cross sections given in the ATLAS analysis for 13 TeV. Note that for H → γγ a parton-level cut 105 ≤ m γγ ≤ 160 GeV (Higgs window) is applied.
All Higgs boson events are then showered and decayed into either W W + jets or γγ + jets by PYTHIA 8 [7] and passed to DELPHES [8] for detector-level simulation. Note that for the channel H → W W * each of the W bosons further decays into a charged lepton and a neutrino. Note that the charged-lepton flavors from the W boson pair are required to be different, i.e, e + µ − or e − µ + . 
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In the W W decay channel, we consider two main backgrounds: the SM tt and W W production.
The tt events are generated at NLO using the MADGRAPH5 AMC@NLO [6], while the W W events are generated with POWHEG at NLO [15] . After then, the tt and W W events are showered and each top quark decays into b + W with PYTHIA 8 [7] . The W bosons further decay into + ν, and the flavors of two charged leptons in each event are required to be different. Events are then passed into DELPHES for detector simulations. The event generators, cross sections, and the generated number of events for these backgrounds are also tabulated in Table I. In the diphoton channel, we only consider one source of background: γγ+jj, which are generated at leading-order (LO) using the MADGRAPH5 AMC@NLO[6] . Each of the jet in γγ + jj events is then showered into multi-jets with PYTHIA 6 [16] . Finally, events are passed into DELPHES for detector simulations. The event generators, cross sections, and the generated number of events for the backgrounds in the diphoton decay channel are also listed in Table II .
III. METHODS IN BOOSTED DECISION TREES (BDT)
The dedicated event samples will undergo a series of analysis tools or methods, including preselection cuts and boosted decision tree (BDT) [17] , in order to enhance the purity of the VBF among the Higgs signals and backgrounds. In general, each signal and background event has to first pass a set of kinematic preselection cuts, and then is further selected according to the BDT and H → γγ, respectively. The details are described in the following two subsections.
The event samples for the VBF H → W W * signal, ggF, and the SM backgrounds have to pass the preselection cuts which were given in the current ATLAS analysis for the SM Higgs boson decaying into W W * in the different lepton-flavor category, which are described as follows:
2. p Standard BDT Following the current procedures of the ATLAS analysis, the signal sample of VBF and the background samples of simulated ggF, simulated tt, and simulated W W events are used to train the BDT. We call this one the standard BDT, with which we shall compare. The following 8 variables are fed into the BDT:
is the vector sum of the neutrino (lepton) transverse momenta, and p νν (p )is its modulus.
The distributions of these variables for signal and backgrounds are shown in Fig. 1 , in which we can clearly see the capability of each of the variables in discriminating between the signal and backgrounds.
11-variable BDT The signal and background training samples are the same as the standard BDT. In addition to the 8 variables in standard BDT, 3 more jet-shape variables [18] are employed in this 11-variable BDT analysis:
1. girth summed over two leading jets:
The distributions of these jet-shape variables for the signal and backgrounds are shown in Fig. 2 . 2-step BDT This is the new approach that we adopt in this study. We separate the training of the BDT in two steps, in which the BDT is trained for VBF against the SM backgrounds and against the ggF, respectively.
7-variable BDT
• The first step: the VBF signal sample is trained against the SM background samples of tt and W W events. In this step, the variables used are the same as the standard BDT.
• The second step: after imposing the selection cuts obtained in the first-step-BDT output O 1 BDT , the event samples will further undergo the second-step BDT, in which the VBF signal sample is trained against the ggF sample only. In this step, the variables used are the same as 7-Var BDT.
B. H → γγ
Similar to the procedures in H → W W * , the events samples for the VBF H → γγ signal, ggF, and the SM background have to pass the preselection cuts, which were given in the current ATLAS analysis for the SM H → γγ in the VBF enriched category. The requirements are described as follows:
4. 105 ≤ m γγ ≤ 160 GeV;
Standard BDT Following the current procedures in the ATLAS analysis, the signal sample of VBF and the background samples of ggF events and simulated γγ + jj events are used to train the BDT. Again, this is the standard BDT. The following 6 variables are inputs to the BDT:
4. ∆R min γ,j ≡ the minimum separation between the leading/subleading photon and the leading/subleading jet;
5. |η * |;
6. φ * ≡ the azimuthal angle between the diphoton and the dijet system.
The distributions of these variables for the signal and backgrounds are shown in Fig. 3 . 2-step BDT Again, this is the new approach that we are adopting in this study. We separate the training of the BDT in two steps:
• The first step: the VBF signal sample is trained against the background sample of γγ + jj events. In this step, the variables used are the same as the standard BDT.
• The second step: after imposing the selection cuts obtained in the first-step-BDT output O 1 BDT , the event samples will further undergo the second-step BDT, in which the VBF signal samples is trained against the ggF sample. In this step, the variables used are the same as 5-Var BDT.
IV. RESULTS
A. H → W W * → eνµν A sizeable correlation also appears between m and ∆φ in both the signal and backgrounds. In addition, in order to avoid overtraining in BDT analyses, we show the BDT output distributions for both the training and testing samples in Fig. 6 .
The results of our analyses for the channel H → W W * are summarized in Table V . The final numbers of the remained VBF events for all methods are all around 5.1. Comparing between the standard BDT and the 11-Var BDT, the latter which used 3 jet-shape variables, can enhance the VBF purity and at the same time reduce the ggF contamination by about 2%. When we focus on distinguishing just between the VBF and ggF event samples, the 7-Var BDT using the most powerful 7 variables is introduced and can further decrease the ggF contamination by about 1%.
However, this method sacrifices the discrimination between the VBF sample and the other SM backgrounds, and thus lowers the VBF purity to only 50.5%.
To overcome the problem in the 7-Var BDT, we perform the analysis with a new 2-step BDT method. In the first step, we use the 9 variables as in the standard BDT to discriminate between the VBF and the SM backgrounds including tt and W W . Whereas in the second step, we focus on discriminating the VBF and ggF using the most powerful discriminators as those used in 7-Var BDT. Figure 7 shows the 2-step BDT output distributions after both steps. Figure 8 severe. The first-step-BDT output cut value is optimized at 0.9 to obtain the highest purity of VBF and the lowest ggF contamination. As shown in Table V , with this new method of 2-step BDT we can highly reduce the ggF contamination down from 12.38 to 7.93%, and at the same time maintain the VBF purity of 77%.
B. H → γγ
In Fig. 9 , we show the linear correlations between any two variables that we have used in the channel H → γγ analyses. We can see that strong correlations among the 3 jet-shape variables, and between ∆η jj and m jj in both the signal and background samples. In addition, in order to avoid overtraining in the BDT analyses, we show the BDT output distributions for both the training and testing samples as shown in Fig. 10 .
The results of our analyses in the channel H → γγ are summarized in Table VI . We control the VBF efficiency at 5.4% for comparison. The 9-Var BDT, which adds 3 new jet-shape variables compared to the standard BDT, can enhance the VBF purity and at the same time reduce the ggF contamination by about 2%. In order to focus on distinguishing between the VBF and ggF event samples, the 5-Var BDT, which uses the most powerful 5 variables, is introduced and can further decrease the ggF contamination by about 2%. However, this method sacrifices the discrimination from the other SM backgrounds and lowers the VBF purity to only 24.6%.
Similar to the previous channel, we attempt the 2-step BDT method to this case. standard 6 variables in the first step to discriminate between the VBF and γγ + jj background. In the second step, we separate between the VBF and ggF using the most powerful 5 discriminators as those used in 5-Var BDT. Figure 11 shows the 2-step BDT output distribution in both steps. Figure 12 shows the VBF purity and ggF contamination versus the cut value of O 1 BDT . Again, we will have a purer VBF signal sample but with a slightly larger ggF contamination when we apply a more stringent cut value. The cut value of O 1 BDT is optimized at 0.9 for the highest purity of VBF and the lowest ggF contamination. As shown in Table VI , the ggF contamination is substantially reduced from 18.89% to 12.00%, and at the same time achieve a small increase in VBF purity (37.5%). 2
V. CONCLUSIONS
We have studied the performance of the approach of 2-step boosted decision trees. We have followed as closely as the way that the ATLAS generated the event samples of VBF, ggF, and the corresponding SM backgrounds in the channels of H → W W * and H → γγ. In the first step, we trained the VBF signal against the SM backgrounds without the ggF sample, while in the second step we trained the VBF signal against the ggF sample.
We have demonstrated with our new approach of 2-step BDT, we can achieve a significant reduction of the ggF contamination from 12% (19%) down to 8% (12%) for H → W W * (H → γγ).
At the same time, we can maintain or slightly improve the overall purity of the VBF sample among all the backgrounds.
The approach of this study can be applied to other decay channels, such as H → ZZ * , τ τ , and
bb. Further investigations can include optimization of the number of variables used in each step in the 2-step BDT. Actually, one can use various ways to rank the importance of each variable. 
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